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Abstract 
Analysis of the function of urban energy metabolic system is an important research subject under the policy of energy saving. We 
developed an ecological network model for the system, and used Beijing city as an example of how this approach provides 
insights into the flows within the system. The basic components of the model are energy exploitation, energy transformation, 
energy consumption, and energy recovery. Beijing’s energy metabolic system in 1995, 2000, 2005 and 2007 were analyzed by 
this approach as examples. Network utility analysis was applied to analyze the complex relationships between the components 
within the system. Using the sign distribution in the network utility matrix, we determined the relationships between each pair of 
the system's components. Some of the energy metabolic relationships between sectors were the same in the four years, whereas 
others were different. The ecological relationships between the energy transformation and exploitation sectors, between the 
energy consumption and transformation sectors, and between the energy consumption and exploitation sectors were the same, but 
the ecological relationships between the energy recovery and other three sectors differed greatly. Using ecological network 
analysis to evaluate the structure of urban energy metabolic system provided sound suggestions for adjusting the relationships 
between components.  
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1. Introduction 
Energy is a vital input for social and economic development of a city. Accompanied by rapid economic growth 
and improving living standard, the amount of energy needed in an urban area increases rapidly. The exploitation, 
transformation and consumption of energy bring great pressure to the urban ecosystem. The contradiction of energy 
use and ecological protection is increasingly prominent. In China's 11th Five-Year Plan, it was made clear that the 
country's energy consumption per unit GDP in 2010 must be reduced by 20% on the basis of that in 2005. Since 
cities are the most important energy consumers in a country, analysis of the structure and function of urban energy 
metabolic system is an important research subject under the policy of energy saving. 
In recent literature, urban energy system studies have mainly focused on investigating the energy structure [1-3], 
the energy intensity [4-7], energy supply and demand gap [8-10]. Moreover, some energy forecasting models have 
been developed to provide some advice for energy planners and policy makers [11-13]. In these studies, urban 
energy system is modeled as a black box and the features of the whole system are evaluated; the 
compartmentalization of urban energy system, the energy metabolism process in an urban area and ecological 
relationships between urban energy system compartments are seldom investigated. 
In order to analyze the inherent structure and function of urban energy metabolic system, a systematic method 
should be used. Ecological network analysis can be used to analyze the intrinsic structure and functioning properties 
of a system. Leontief developed network analysis called input-output analysis of economic systems [14]. Hannon 
first applied this technique to ecosystem [15]. Ecological network became a hot concept at that time. Some of the 
early researchers in this field included Patten et al. [16], Patten [17], Finn [18-19], Burns [20], Burns et al. [21], Fath 
and Patten [22-23]. They used the ecological network analysis approach in many other new applications and 
extended the methodology. Ecological network analysis is a systems-oriented method to analyze within system 
interactions and identify holistic properties. It is capable of analyzing the structural and functional properties of the 
interaction webs, aiming to include all ecological compartments and interactions [24]. It has been widely applied to 
study natural ecosystems [25-28], but has seldom been used in social economic system [29-34], especially in the 
analysis of urban energy metabolic system [35-36]. 
In the present study, ecological network analysis was developed to study the basic structure and functional 
relationships between the components of urban energy metabolic system. Beijing’s energy metabolic system in 1995, 
2000, 2005 and 2007 were chosen as examples to illustrate how the approach works. Network throughflow analysis 
and network utility analysis were applied to analyze the structure and function of the systems. The method is able to 
reflect the state of urban energy metabolic system and evaluate the system’s structure and function, providing 
suggestions for optimizing the structure and adjusting the relationships of urban energy metabolic system. 
2. Methodology  
2.1. Ecological network model of the urban energy metabolic system  
To construct an ecological network, the first step is to identify the system of interest and place a boundary around 
it [34]. Here, we consider the urban energy metabolic system to be within the city’s administrative boundary. Energy 
transfers within the system boundary comprise the network. By analyzing the basic processes involved in 
exploitation, transformation and comsumption of urban energy, we can compartmentalize the system into the major 
components, and determine possible pathways in the system [24]. Local primary energy is produced by the energy 
exploitation sector and some then transformed to secondary energy by the energy transformation sector. Both the 
rest primary energy and secondary energy are utilized by the energy consumption sector. The energy in byproduct 
can be recovered in the processes of energy transformation and consumption. The city also import and export energy 
depending on the energy supply and demand gap [35]. Based on the components and flows, an ecological network 
model of the urban energy metabolic system can be established (Figure 1), by analyzing the basic processes of urban 
energy.  
 In the model, a node is a point that represents a component and a line is an arrow that denotes energy flow. The 
model divides urban metabolic system into four components: energy exploitation, energy transformation, energy 
consumption, and energy recovery. Energy flows between these components can be represented by directional lines 
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that connect the nodes in the network. 15 energy metabolic pathways that reflect the energy flows between the four 
components were defined. Note that in this diagram, fij represents the energy flow from compartment j to 
compartment i, zi represents the energy flow into compartment i, and yi represents the energy outflow from 
compartment i.  
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Figure 1.Ecological network model of urban energy metabolic system 
Note: f21 represents the local primary energy provided to the energy transformation sector; f24 represents recovered energy utilized by the energy 
transformation sector; f31 represents local primary energy utilized by the energy consumption sector; f32 represents local secondary energy 
utilized by the energy consumption sector; f34 represents recovered energy utilized by the energy consumption sector; f42 represents recovered 
energy from the energy transformation sector; f43 represents recovered energy from the energy consumption sector; z1 represents energy from the 
internal environment utilized by the energy exploitation sector; z2 represents energy from the external environment utilized by the energy 
transformation sector; z3 represents energy from the external environment utilized by the energy consumption sector; z4 represents reconvered 
energy from the external environment; y1 represents energy exports to the external environment by the energy exploitation sector and energy loss; 
y2 represents energy exports to the external environment by the energy transformation sector and energy loss; y3 and y4 represent energy loss 
from the energy consumption sector, and the energy recovery  
2.2. Network relationship analysis  
Network utility analysis was applied to analyze the functional relationships between components of the energy 
system. Non dimensional, output-oriented, inter-compartmental flows are given by qijO =fij/Tj; and input-oriented, 
inter compartmental flows are given by qijI = fij/Ti. Inter-compartmental flow direct utilities are given by dij = (fij -fji)/ 
Ti = qijI- qjiO. From matrix D = (dij), a dimensionless integral utility intensity matrix U can be computed: 
     
    13210    DIDDDDDuU mij                (4) 
where I is the identity matrix, uij represents the integral dimensionless value of dij, which is calculated using a 
Leontief inverse matrix, and the matrix U represents the flows of integrated relations between any of the four 
compartments in the network (i.e., the flow, dij). The identity matrix (D0) reflects the self-feedback of flows through 
each compartment, the matrix D1 reflects the direct flow utilities between any of the four compartments in the 
network, D2 represents the indirect flow utilities that pass along two steps, and Dm (m ı 2) reflects the indirect flow 
utilities along m steps [37]. 
The matrix U reflects the intensity and pattern of integrated relations between any of the four compartments in 
the network (i.e., the utility, uij). 
In network utility analysis, the sign of an element in matrix U can be used to determine the pattern of interaction 
between compartments in the network. In addition to quantifying the direct and indirect relations, the integral utility 
matrix can be used to determine qualitative relations between any two components in the network such as 
exploitation, mutualism, competition or neutralism. If we designate the sign of the utility of any element in U as su, 
the subscripts 12 and 21 represent utility from compartment 2 to compartment 1 and from compartment 1 to 
compartment 2 (respectively), and this lets us consider the nature of the relationship between the two compartments. 
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If (su21, su12) = (+, –), compartment 2 exploits compartment 1. If (su21, su12) = (–, +), compartment 2 was exploited 
by compartment 1. If (su21, su12) = (–, –), then compartment 2 competes with compartment 1, leading to negative 
impacts for both compartments, whereas if (su21, su12) = (+, +), the relationship between the two compartments 
represents mutualism, in which both compartments benefit from their interaction. If (su21, su12) = (0, 0), the 
relationship between the two compartments is neutralism [38]. 
3. Results and discussion 
3.1. 3.1. Calculating the flows in the urban energy metabolic system 
The basic energy flow characteristics of Beijing in these four years were obtained from the National Bureau of 
Statistics of China (1998, 2004, 2007, 2008) [39]. The standard coal coefficients were obtained from China Energy 
Statistical Yearbook (2008). Adopting the standard coal equivalent coefficients, we converted all energy types that 
flowed between, into and out from compartments into standard coal equivalents (kgce), and based on these values, 
calculated the direct energy metabolic flows for each compartment in the model.  
Based on the energy metabolic systems of Beijing in 1995, 2000, 2005 and 2007, we constructed the direct 
energy flow matrices (F1995, F2000, F2005, F2007; u1010 kgce), as shown in Table 1. Using the metabolic flows between 
compartments, we calculated the direct utility matrices (D1995, D2000, D2005, D2007) and the integral utility matrices 
(U1995, U2000, U2005, U2007) for Beijing’s energy metabolic system in 1995, 2000, 2005 and 2007 using network utility 
analysis. Sign matrices of U1995, U2000, U2005 and U2007 are presented in Table 2.  
Table 1. The direct flow matrices for Beijing’s energy metabolic system in 1995, 2000, 2005 and 2007 (units: 107 t standard coal equivalent). 
F1995  F2000 
 1 2 3 4 T  1 2 3 4 T 
1 0 0 0 0 0.715 1 0 0 0 0 0.504 
2 0.644 0 0 0 2.027 2 0.493 0 0 0.042 2.234 
3 0.067 1.556 0 0.001 2.830 3 0.011 1.661 0 0.133 3.328 
4 0 0 0.001 0 0.001 4 0 0 0.176 0 0.176 
F2005 F2007 
 1 2 3 4 T  1 2 3 4 T 
1 0 0 0 0 0.6768 1 0 0 0 0 0.466 
2 0.675 0 0 0 2.5273 2 0.463 0 0 0.013 2.696 
3 0.002 2.936 0 0 5.3016 3 0 2.88 0 0 5.76 
4 0 0 0 0 0 4 0 0.01 0 0 0.013 
Table 2. The sign matrices of U1995, U2000, U2005, U2007 for Beijing’s energy metabolic system in 1995, 2000, 2005 and 2007. 
sgn(U1995) sgn(U2000) 
 1 2 3 4  1 2 3 4 
1 + - + 0 1 + - + -
2 + + - 0 2 + + - +
3 + + + 0 3 + + + -
4 0 0 0 0 4 - - + +
sgn(U2005) sgn(U2007) 
 1 2 3 4  1 2 3 4 
1 + - + 0 1 + - + -
2 + + - 0 2 + + - +
3 + + + 0 3 + + + -
4 0 0 0 0 4 - - + +
exploitation               neutralism             mutualism             competition 
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The sgn (U) matrices present 6 pairs of ecological relationships: (su21, su12), (su31, su13), (su41, su14), (su32, su23), 
(su42, su24) and (su43, su34). The exploitation, competition, mutualism and neutralism relationships in 1995 and 2005 
were 2, 0, 1 and 3 pairs; in 2000 and 2007 were 4, 1, 1 and 0 pairs, respectively. 
The ecological relationships between the energy transformation and exploitation sectors, between the energy 
consumption and transformation sectors, and between the energy consumption and exploitation sectors were the 
same in the four years: (su21, su12) = (+, –), (su32, su23) = (+, –) , and (su31, su13) = (+,+), respectively. The ecological 
relationships between the energy recovery and energy exploitation sector, between the energy recovery and energy 
transformation sector, between the energy recovery and energy consumption sector were different in the four years.  
The ecological relationships between the energy recovery and other three sectors differed greatly in the four years. 
The utilization of recovery energy is currently far away from enough. The ability to collect recovery energy and to 
utilize recovery energy between the energy recovery and energy transformation sector, between the energy recovery 
and energy consumption sector should be strengthened. 
4. Conclusions 
In this research, which is based on ecological network analysis, we constructed a four-component network model 
for urban energy metabolic system and analyzed Beijing’s energy metabolic relationships in 1995, 2000, 2005 and 
2007 to demonstrate the approach. Using network utility analysis, we revealed the types of ecological relationships 
between components. 
Using ecological network analysis to analyze the relationships of urban energy metabolic system provided sound 
suggestions for adjusting the relationships of urban energy metabolic system. Further study can be performed by 
setting up more precise and detailed model of urban energy metabolic system. 
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